Glutamate synthase activity is required for the growth of SalmoneUa typhimurium on media containing a growth-rate-limiting nitrogen source. Mutations that alter glutamate synthase activity had been identified in the glitB gene, but it was not known which of the two nonidentical subunits of the enzyme was altered. To examine the gene-protein relationship of the gil region, two nonsense mutations were identified and used to demonstrate that gitB encodes the large subunit of the enzyme. Six strains with independent Mu cts dl(lac bla) insertions were isolated, from which a collection of deletion mutations was obtained. The deletions were transduced with the nonsense mutations and 38 other gil point mutations to construct a fine-structure genetic map. Chromosome mobilization studies, mediated by Hfr derivatives of Mu cts dl lysogens, showed that gItB is transcribed in a clockwise direction, as shown in the S. typhimurium linkage map. Studies of the polar effects of three Mu cts dl insertions indicated that the gene for the small subunit maps clockwise to gltB and that the two genes are cotranscribed to form a gi operon.
A major source of nitrogen for cellular metabolism originates from the amino acid glutamate, which donates its amino group for the synthesis of other amino acids and nitrogenous compounds. Most microorganisms use an NADPH-dependent glutamate synthase (EC 2.6.1.53) to catalyze the conversion of a-ketoglutarate and glutamine to glutamate. In bacteria such as Salmonella typhimurium (4, 24, 31) , Escherichia coli (1, 26, 33) , and Klebsiella aerogenes (3, 5, 23) , a second enzyme, glutamate dehydrogenase (EC 1.4.1.4), functions in the biosynthesis of glutamate from a-ketoglutarate and ammonia. Therefore, studying the regulation of these glutamate-forming enzymes is pivotal to understanding the overall nitrogen assimilatory process.
Results of genetic studies with enteric bacteria indicate that both glutamate dehydrogenase and glutamate synthase activities mujst be abolished to produce a glutamate auxotroph. A bacterium with a mutation solely in the gene encoding glutamate dehydrogenase (gdh) has no observable phenotype, whereas a mutation in one of the glutamate synthase structural genes (glt) causes aberrant cell growth on minimal media containing a limiting nitrogen source (10) . This is characteristic of glt but not gdh mutations.
The glutamate synthases from most microorganisms studied are composed of an aggregate of four catalytically active dimers, each of which contains two nonidentical subunits. In K. aerogenes, the proteins have estimnated molecular weights of 175,000 (175K) and 51.5K (32) . Similarly, the E. coli enzyme has subunit molecular weights of 135K and 53K (20, 21) . The genes for both subunits in E. coli are contained on an 8-megadalton fragment and are therefore presumably linked (18) , but no transcription analysis or polarity or complementation studies support this hypothesis.
The mutations that have been shown to be in a glutamate synthase structural gene mapped at 69 U on the S. typhimur-ium linkage map (12) . It was not known, however, which of the two subunits was affected by these mutations. In this study, these mutations were used with deletion mutations generated from TnJO and Mu cts dl(lac bla) insertions to obtain a fine-structure map of the genetic region encoding glutamate synthase (glt). The analysis of these and other mutants shows that gltB encodes the large glutamate synthase subunit, that gltB is transcribed in a clockwise direction, and that the gepe for the small subunit, gltD, may be cotranscribed with gltB in an operon.
MATERUILS AND METHODS
Bacterial strains. All S. typhimurium strains used in this study were derivatives of strain LT-2; their genotypes and origins are shown in Table 1 .
Nomenclature. Glt-refers to the phenotype of the double mutant glt gdhA. The Asm-phenotype corresponds to the gltB mutation or to other glt mutations affecting glutamate synthase (previously called asm mutations), in which a strain cannot assimilate low concentrations of ammonia (10) . Data presented below show that Mu dl insertions, nonsense mutations, and certain deletions were in the gltB gene, the designation used when referring to the gene encoding the large subunit. If this assignment cannot be made, mutations affecting glutamate synthase are simply designated glt. The presence of a suppressor mutation is genotypically sup-and phenotypically Su', as described by Miller (25) . Insertions of Mu cts dl(lac bla), abbreviated Mu dl, into gltB are designated by a double colon, as gltB::Mu dl, following the nomenclature used by Campbell et al. (7) . Designation of TnJO insertions followed the nomenclature used by Chumley et al. (9) .
Chemicals. Antibiotics, amino acids, and amino acid analogs were obtained from Sigma Chemical Co., St. Louis, Mo. L-[3H]leucine (111 Ci/mol) and Na235SO4 (carrier free) were obtained from New England Nuclear Corp., Boston, Mass. Sodium dodecyl sulfate (SDS) was electrophoretic grade purchased from Bethesda Research Laboratories, Bethesda, Md. N',N'-methylene-bis-acrylkmide and acrylamide were also electrophoretic grade and were obtained from either Bio-Rad Laboratories, Richmond, Calif., or Bethesda Research Laboratories. Xgal (5-bromo-4-chloro-3-indolyl-a-D-galactoside) was purchased from Bethesda Research Laboratories.
Growth conditions and enzyme assays. Luria broth (LB) medium and glucose-ammonia (G-NH3) minimal salts medium containing 15 mM (NH4)2SO4 were prepared as described previously (3) . Glucose-arginine medium (G-Arg) refers to glucose medium containing 0.4% arginine as the sole and growth-rate-limiting nitrogen source. Tetracycline and ampicillin were added to 50 ,ug/ml, and kanamycin was added at 100 ,ug/ml. Amino acid supplementation was described previously (12) .
Cell growth and extract preparation were done as described previously (29) . Glutamate synthase activity was determined by measuring the rate of NADPH oxidation at 37°C with modifications (29) (12) . Episome transfers and Hfr matings were performed as described by Miller (25) .
To determine the direction of transcription of g1tB, the direction of chromosomal transfer by an Hfr strain was followed (9, 31) . Temperature-resistant Apr derivatives of the Mu dl strains (JB1826, JB1875, JB1876, and JB1877) were isolated (JB1890, JB1891, JB1892, and JB1893, respectively). JB1881 (F'tsll4 lac+ zzf-21::TnJO) conjugated with JB1890, JB1891, JB1892, and JB1893, and Tcr Apr was selected at 30°C. Hfr derivatives (JB2105, JB2106, JB2107, and JB2108) of the F' merodiploids (JB2101, JB2102, JB2103, and JB2104) were Tcr at 42°C when homologous recombination between the F' lac and the Mu dl lac had occurred. Subsequently, these Hfrs conjugated with an aroE argG recipient (JB1988). The argG+ transconjugants were selected on G-NH3 medium plus phenylalanine, tyrosine, and tryptophan, and aroE+ transconjugants were selected on G-NH3 medium plus arginine.
Isolation of gll.:Mu dl mutations and gl deletions. P1 phage-mediated Mu dl mutagenesis of S. typhimurium, performed as described by Rosenfeld and Brenchley (30) , yielded six independent phage lysates which were used to infect S. typhimurium JB1204 and JB1812, which lack glutamate dehydrogenase (gdhASl). Apr transductants, 6,000 to 8,000 per lysate, were selected and pooled. Six independent Apr strains with Mu dl inserted into the gltB locus were isolated after cycloserine counterselection to enrich for glutamate auxotrophs.
The six gltB::Mu dl insertion strains (JB1656, JB1658, JB1826, JB1875, JB1876, and JB1877) were used to derive deletions in glt by a two-step process (6, 15) . A 0.1-ml portion (107 cells) of culture grown on LB medium without ampicillin was spread on prewarmed (43°C) LB medium and incubated at 43°C for 24 h to isolate temperature-resistant derivatives. Isolates which were temperature resistant, Aps, and Glt-as a result of the imprecise excision of Mu dl were saved as deletion mutations. All deletion strains were examined on G-NH3 medium plus 0.1 ml of 100 mM 5-fluorocytosine (Cod-strains grow, Cod' strains do not) to determine whether deletions extended into cod.
The previously isolated TnJO insertions cotransducible with gltB (12) were also used to generate deletions (or inversions) in glt by selecting for Tcs derivatives. Deletions (inversions) extending from the TnJO of JB1719 (zgi-2::TnlO), which is 60%o cotransducible with gltB629 by P22, into the glt region were identified by scoring for their glutamate auxotrophy.
Isolation of nonsense mutations in gltB. Nonsense mutations in gltB were obtained by screening the glt mutations recovered from a localized mutagenesis experiment (12) . Initially, P22 phage grown on 40 strains with independent glt mutations (cotransducible with zgi-2::TnlO) were used to transduce the glt alleles into strain DB7136 (hisC UAG leuA UAG). Tcr transductants, which carried zgi-2::TnlO (Fig. 1), were scored on G-Arg medium for the presence of a glt mutation. Transductants which did not grow on G-Arg were glt hisC UAG leuA UAG. In each of the transductants, a tRNA suppressor mutation was selected spontaneously by recovering revertants that became His' Leu+ simultaneously. Some revertants also became Asm+ (growth on G-Arg), suggesting that the transduced glt mutation is tRNA suppressible.
The plausible glt UAG mutations were subsequently examined in the originating strains, including both JB1832 and JB1835. Strains used in this paper, JB2140 and JB2144, then resulted from reconstruction experiments in which E. coli CA274(pLM2) conjugated with JB1832 and JB1835 and Knr selected. The construction of sup derivatives of JB2140 and JB2144 is described below.
Labeling, antibody precipitation, and SDS-polyacrylamide gel electrophoresis. Cells grown in 15 ml of G-NH3 medium containing unlabeled Na2SO4 plus 2.5 to 3.0 mCi Na235SO4 per ml were harvested at 100 ± 5 Klett units, washed, suspended in 0.2 ml of 10 mM NaCl, and sonicated, and a supernatant fraction was obtained. Membrane fractions, which react with antibodies from nonimmune rabbits, were removed by ultracentrifugation at 39,000 rpm in a Beckman type 40 rotor (Beckman Instruments, Inc.).
Rabbit anti-glutamate synthase prepared against the E. coli antigen (21) was kindly provided by H. Zalkin. A 90-pdl portion of an extract was added to 10 ,ll of antiglutamate synthase and 10 ,il of 0.5% Nonidet P-40 in NET buffer (150 mM NaCl, 0.02% sodium azide, 5 mM EDTA, 50 mM Tris [pH 7.4]). After antibody precipitation at 0°C overnight, 20 ,u1 of Formalin-fixed Staphylococcus aureus cells (14) was added to the mixture. After incubation at room temperature for 15 min and a brief centrifugation, the pellet was washed once in 0.5 ml of 0.5% Nonidet P-40-NET buffer and then twice in TDS solution (2.6% [wt/vol] Triton X-100, 1.6% [wt/vol] sodium deoxycholate, 0.3% [wt/vol] SDS). The washed pellet was resuspended in sample loading buffer and prepared for SDS-polyacrylamide gel electrophoresis by using a discontinuous system similar to that of Laemmli (16) . Approximately 1.0 to 5.0 p.g of protein was loaded on the gels. Protein bands were visualized after the gels were stained in 50% trichloroacetic acid-0.1% Coomassie brilliant blue R-250 for 1 h at 60°C and then destained in a 7.5% acetic acid-10% methanol solution. The gels were prepared for fluorography by the procedure of Bonner and Laskey (2) or with En3Hance (New England Nuclear Corp.). RESULTS Isolation of Mu dl insertions in glt. A localized mutagenesis of the gltB region was previously performed (12) to obtain an array of point mutations linked to the glutamate synthase structural gene mutations. Therefore, mutagenesis of the entire S. typhimurium chromosome was undertaken to obtain a random collection of mutations affecting glutamate synthase. For this purpose, Mu dl phage was used to infect an S. typhimurium gdhA strain by using the P1 packaging method (30) . Six independent Mu dl insertions that resulted in glutamate auxotrophy mapped at 69 U on the S. typhimurium linkage map (Fig. 1 ). They were linked by P1-mediated transduction to the zgi-2::TnJO element (12) by frequencies ranging from 56 to 75%. P1 phage grown on strain JB1719 (zgi-2::TnJO glt+) were used to transduce the glt: :Mu dl strains to determine whether each mutation was due to a single insertion in each strain. All Glt+ transductants simultaneously became G/Arg+ (glt+), Aps and Lac-, indicating that each Mu dl mutation resulted from a single insertion event in the glt region.
Fine structure map of glt. Seventy independent deletions of glt were isolated from the six independent Mu dl insertions and the zgi-2::TnJO insertion (see above). All of the deletion strains were Gln+, indicating that none of the deletions extended into ntrA. Of the 70 deletions, 13 grew on 5-fluorocytosine, indicative of Cod-strains. These strains contained deletions extending from the glt region into the cod gene (Fig. 1) .
To derive a fine-structure genetic map of the glt loci ( Fig.  1 Direction of the glt transcription. Isolation of the gltB::Mu dl constructs provided a means to determine the direction of gltB transcription. Because the lac genes in this phage are devoid of their own promoter-operator region (8) , lacZ (encoding ,-galactosidase) is expressed only when put under the control of another promoter. The Mu dl insertions in strains JB1826, JB1875, and JB1876 synthesized detectable 3-galactosidase on G-NH3 minimal medium containing Xgal (28), a chromophoretic substrate for ,B-galactosidase, whereas JB1658 and JB1877 insertion strains were negative for ,-galactosidase expression. ,B-Galactosidase activity in the former fusion strains responded to induction-repression in a manner analogous to that of glutamate synthase in the gltB+ controls (data not shown). These data suggested that lacZ in strains JB1826, JB1875, and JB1876 was transcribed from the glt promoter.
A genetic method relying on the ability of an F' lac to generate an Hfr strain (9) was used to determine the direction of glt transcription. In summary, when the direction of chromosomal transfer of the Hfr strains is known, the direction of transcription can be inferred ( [9] ; Fig. 2 ). In this study, Hfr strains were constructed via lac homology when F'tsll4 lac+ zzf-21::TnJO (9) recombined with the chromosome of strains with gltB::Mu cts dl (lac bla) insertions (Fig.  2) JB1876) transferred the chromosome in a clockwise direction, from aroE to argG (Table 2 ). In contrast, the Hfr derived from a strain with Mu dl inserted in the opposite orientation (JB1877) transferred the chromosome counterclockwise, i.e., from argG to aroE (Table 2) . Thus, gltB was transcribed clockwise toward cod on the S. typhimurium linkage map. In another analysis of gltB transcription, Mu dl-derived deletions were examined in strains which expressed lac from the glt promoter (JB1656, JB1826, JB1875, and JB1876. The abbreviated order of the Mu dl genes in gltB is S-lacZY-bla-C-, and in Mu dl lysogens, chromosomal deletions occur from the C end of the phage when it excises imprecisely at high temperatures (13, 15, 19, 31) . Deletions derived from mu-800, mu-801, mu-802, and mu-804 excisions extended into glt and clockwise toward cod (Fig. 1) . These data are in agreement with a clockwise direction for gltB transcription. In contrast, deletions derived from strains (JB1658 and JB1877) with Mu dl insertions (mu-803 and mu-805) in the opposite orientation, extended counterclockwise, toward ntrA (Fig. 1) .
Characterization of gltB nonsense mutations. Because nonsense mutations provide useful tools to identify an altered protein and to determine polar effects within an operon, nonsense mutations in glt were sought. From the collection of glt strains described above, two suppressible mutations,gltB763 and gltB766 were identified (see above). (Table 3) . Strains harboring the tyrosyl-tRNA suppressor, supF, showed the greatest restoration of both growth and enzyme activity. Therefore, supF strains were chosen for later studies. In addition, the tRNA-suppressible gltB UAG mutations were located in the glt fine-structure map as a means to examine polar effects in glt (Fig. 1) . (Fig. 3, lane a) . These (Fig. 3, lane f) . This was in agreement with the results from of S. typhimurium had not the gltB UAG strains (lane b and d), showing that both as it had been for the related g1tB763 and gltB766 were located in the region deleted by the ved that glutamate synthase AgltB868 (Fig. 1) . The combined data showed that the entire ed of two nonidentical subAgltB868 deletion was within the gene encoding the large cies were recovered after in
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Although none of the point mutations clearly affected the 1l subunit, but not the large small subunit (Fig. 3) , strain JB2140 carrying the gItB763 B UAG strains JB2140 and mutation had less of the small subunit than did the control esence of supF in the same strains in some experiments (gels not shown). It is possible of the 153K protein band that the nonsense mutation in strain JB2140 has a polar effect oupled with the observation on the synthesis of the small subunit. The gltB::Mu dl g structural gene mutations lysogens were used to test this possibility of operonic B UAG mutations, gltB763 structure of the glt genes because Mu-induced mutations are te synthase structural gene completely polar when inserted into a genetic operon (6, 15) . Proteins from strains JB1656 (gltB804::Mu dl), JB1875 arge deletion, AgltB868, the (gltB801::Mu dl), and JB1877 (gltB803::Mu dl) were labeled lit was immunoprecipitated and Ab-precipitated, and their respective electrophoretic patterns were determined (Fig. 4, lanes c through e) . No bands corresponded to either the large or the small subunit e f g h by comparison with the glt+ control (lane a). Although the deletion in strain JB2083 (AgltB868) covered all three of these Mu dl insertions (Fig. 1) , the small subunit was synthesized in this strain (Fig. 3) . The absence of the small subunit in the Mu dl lysogens could not then be attributed to the positions of Mu dl insertions in glt, but rather to their polar effect on a downstream gene. Because gltB is transcribed clockwise (from ntrA toward cod), the downstream gene must lie on the cod site of gltB, as suggested above by the deletion analysis. The results also indicate that the gene for either the small subunit or a positive effector required for its expression is cotranscribed with the gltB gene encoding the large subunit. Effects of other mutations. Strains with mutations in regu--latory genes of nitrogen assimilatory processes were also examined for the presence or absence of the small glutamate synthase subunit. Strain JB1739 (AntrA1054) carries a very large deletion in the gInA region, including the ntrB and ntrC regulatory genes (22; unpublished results). JB1472 (ntrA986::TnlO) has a TnJO insertion in another regulatory gene ntrA (previously gInF). Even though the activities of the ntrBC (86 U) or ntrA (68 U) genes were absent, the glutamate synthase subunits were synthesized (Fig. 3, lane )recipitated glutamate synthase. h; Fig. 4, lane f) . Therefore, the small subunit was not lium containing Na235SO4 and encoded by any of the genes in the glnA region, including train JB1739 (lane h) contained ntrC, which expresses a 54K protein (22) . The 53K gluta-L-glutamine (2. Radioactive counts applied to each lane ranged from 5 x 10i to 106 cpm for all samples. JB1739 had the gitB103 mutation (Fig. 2) Because the large subunit is almost three times the size of the small subunit, it is not surprising that the majority of the mutations map in gltB, although the ratio is somewhat skewed. Biochemical experiments performed by Mantsala and Zalkin (20, 20a) on the E. coli enzyme help to address this issue. The activity of the small subunit was found to be only 5 to 7% of the activity associated with the glutaminedependent large subunit in both purified subunit preparations and native enzyme, and it is less than 1% of the total activity of the native enzyme. The biochemical significance of the small subunit has, therefore, been questioned because of this low relative activity. It is, therefore, possible that the small subunit is not essential for glutamate synthase activity to be recovered from a Glt+ strain. If so, a screening for glutamate auxotrophs (in gdh strains) could represent a bias in favor of glItB mutations and preclude those in gltD. Mutations in gltD may have a silent phenotype, in which case their recovery would depend on the development of novel selection or screening procedures.
Studies of the glutamate synthase subunits made in glt deletion mutants, gltB UAG mutants, and glItB: :Mu dl insertion strains indicated that most of the glt locus ( Fig. 1) encoded the large subunit of glutamate synthase. The large subunit was lost when strains carried gltB UAG mutations but was restored in strains harboring the supF mutation (Fig.  3) . Only large gltB deletions and gltB::Mu dl insertions resulted in complete loss of the small subunit. The polar effect of the nonsense mutations on the synthesis of the small glutamate synthase subunit is not readily observed (Fig. 3) because the gels were overloaded to increase the detectability of the small subunit. In gels not shown, strain JB2140 carrying the gltB763 UAG mutation made less of the small subunit than strain JB2144 gltB766 UAG, suggesting that gltB763 UAG exerted a stronger polar effect than gltB766 UAG. Generally, the more polar a mutation, the further upstream it is located in an operon. Accordingly, the positions of the gltB UAG mutations (Fig. 1) suggested a polarity in glt from ntrA to cod. Additional results (Fig. 4) support this contention. The completely polar gltB::Mu dl insertions affect the syntheses of both the large and the small subunits. Therefore, it appears that not only is glt transcribed as a polycistronic mRNA, but also the gene downstream of the gltB::Mu dl insertions affects the synthesis of the small subunit of glutamate synthase.
The data presented here suggest that the genes for both subunits are cotranscribed. However, the small subunit is synthesized in strain JB2094 (AgltB879) (Fig. 3) , even though the glt promoter region presumably was removed by deletion (Fig. 1) . It is likely that the expression of the small subunit in JB2094 is due to either (i) an external promoter which reads through the remainder of gltB into the gene encoding the small subunit, or (ii) a new promoter formed at the deletion junction which enabled expression of the small subunit. Either explanation is compatible with the data.
The mapping data and gel patterns indicate that mutations from glt-771 through glt-765, inclusive, demarcate the structural gene encoding the large subunit. This gene will be regarded as gltB, in compliance with the nomenclature for the gltB629 mutation (12) . Therefore, the gene downstream of gltB803::Mu dl toward cod and cotranscribed with gltB is the gene encoding the small subunit (although the possibility of a gene for a positive effector has not been eliminated). By analogy with E. coli, in which genes for both subunits were cloned as a chromosomal fragment (18) , it is likely that these genes are linked. Since the gltB gene has been shown to encode the large subunit of glutamate synthase, it would be appropriate to give a gene designation to the adjacent regionfor the small subunit. Unfortunately, the most logical choices, gItA and gltC, have already been used to designate other functions. Thus, we recommend that the next available letter, gltD, be used for the gene encoding the small subunit of glutamate synthase.
The Mu dl insertions were instrumental for deriving the deletion map and making the gene assignments for the large and small subunits of glutamate synthase. In addition, strains with the lacZ gene fused to the glt promoter are being used to select mutants with altered glutamate synthase regulation. Preliminary results with mutants having three-to fourfold increase in 3-galactosidase activities showed that the mutations were argG proximal. If these mutations are in a region defining the gltBD promoter, these results are consistent with the clockwise direction of transcription of the glt operon. Further analysis of these and other regulatory mutants will provide valuable information concerning the complex control of this important ammonia assimilatory enzyme.
